We investigate the influence of polarity on carrier transport in single-quantum-well and multiple-quantum-well (MQW) light-emitting diodes (LEDs) grown on the semipolar (20 21) and (2021) orientations of free-standing GaN. For semipolar MQW LEDs with the opposite polarity to conventional Ga-polar c-plane LEDs, the polarization-related electric field in the QWs results in an additional energy barrier for carriers to escape the QWs. We show that semipolar (2021) MQW LEDs with the same polarity to Ga-polar c-plane LEDs have a more uniform carrier distribution and lower forward voltage than (20 21 Multiple-quantum-well (MQW) structures are frequently used to improve the performance of GaN-based light-emitting devices such as light-emitting diodes (LEDs) and laser diodes (LDs). For LDs, MQW structures are used to enhance gain and optical confinement. For LEDs, MQW structures are used to reduce droop by increasing the active region volume and lowering the average carrier density. However, the achievable improvement is limited because of an uneven carrier distribution among the quantum wells (QWs) in conventional c-plane MQW LEDs (Refs. 1 and 2). The large strain-induced polarization in the InGaN QWs is one of the major causes of the uneven carrier distribution.
We investigate the influence of polarity on carrier transport in single-quantum-well and multiple-quantum-well (MQW) light-emitting diodes (LEDs) grown on the semipolar (20 21) and (2021) orientations of free-standing GaN. For semipolar MQW LEDs with the opposite polarity to conventional Ga-polar c-plane LEDs, the polarization-related electric field in the QWs results in an additional energy barrier for carriers to escape the QWs. We show that semipolar (2021) MQW LEDs with the same polarity to Ga-polar c-plane LEDs have a more uniform carrier distribution and lower forward voltage than (20 21 Multiple-quantum-well (MQW) structures are frequently used to improve the performance of GaN-based light-emitting devices such as light-emitting diodes (LEDs) and laser diodes (LDs). For LDs, MQW structures are used to enhance gain and optical confinement. For LEDs, MQW structures are used to reduce droop by increasing the active region volume and lowering the average carrier density. However, the achievable improvement is limited because of an uneven carrier distribution among the quantum wells (QWs) in conventional c-plane MQW LEDs (Refs. 1 and 2). The large strain-induced polarization in the InGaN QWs is one of the major causes of the uneven carrier distribution. 3 The QW nearest to the p-side has been experimentally observed to dominate the light emission due to poor hole injection efficiency.
1,2,4-7 Different barrier designs such as barrier doping 8, 9 and compositionally graded InGaN barriers 10, 11 have been applied to improve the hole injection efficiency between the QWs. Recently, GaN-based lightemitting devices grown on semipolar planes have been extensively studied due to their reduced polarization-related electric fields. 12, 13 High-performance LEDs and LDs in the green region have been achieved on several semipolar planes. For example, high-power green LEDs were demonstrated on the (11 22) (Refs. 14 and 15) and (20 21) (Ref. 16) planes and low-threshold green LDs were also shown on the (20 21) plane. [17] [18] [19] Devices grown on the (2021) plane have also attracted considerable attention with reports of low droop 20 and high wavelength stability. 21 Sizov et al. conducted a detailed investigation on the impact of polarizationrelated electric fields on the carrier transport for nonpolar and semipolar planes with ballistic transport models. 22 The study indicated that nonpolar and semipolar MQW devices have improved carrier transport compared to conventional c-plane devices because of their eliminated or reduced polarization-related electric fields. However, the carrier transport properties among different semipolar planes have not been fully investigated. Since the magnitudes and directions of polarization-related electric fields are different among various semipolar planes, the carrier transport properties are also expected to be different. In this paper, MQW LEDs grown on semipolar (20 21) and (2021) planes were investigated. Due to the same in-plane crystal geometry, these two planes theoretically have equal magnitudes of polarization-related electric fields; however, the directions of the polarization-related electric fields are opposite due to their opposite polarity.
LEDs with different numbers of QWs (n ¼ 1, 2, 3) were grown on both (20 21) and (2021) (20 21) LEDs, the drop in EL intensities is more significant from n ¼ 1 to n ¼ 2. However, for (2021) LEDs, the drop of intensity is more significant from n ¼ 2 to n ¼ 3. The drop in EL intensity with higher numbers of QWs can be attributed to deterioration of the QW crystal quality or to carrier transport issues between QWs. The PL intensities of (20 21) LEDs increased linearly with the number of QWs due to the increased active volume. Therefore, the drop of EL intensity is not attributed to the deterioration of the QW crystal quality. On the contrary, the PL intensity of the (2021) LEDs only increases slightly from n ¼ 1 to n ¼ 2, but decreases significantly from n ¼ 2 to n ¼ 3, indicating possible deterioration of the crystal quality with increasing numbers of quantum wells. Figure 2 shows cathodoluminescence images for (2021) LEDs with n ¼ 2 and n ¼ 3. The threading dislocation density is observed to increase when increasing from n ¼ 2 to n ¼ 3. Therefore, the drop in EL intensity of the LEDs in Figure 1 
To examine the carrier transport phenomena in (20 21) and (2021) LEDs, two sets of dichromatic LEDs were grown on both planes with two QWs emitting light in different wavelength region. The first set of LEDs (aquamarine-violet LEDs) have an aquamarine QW (k $ 480 nm, 28%-30% In) near the n-side and a violet QW near the p-side (k $ 425 nm,14%À16% In), and the second set has a reversed order of QWs (violet-aquamarine LEDs). The wavelength was controlled by adjusting the growth temperature in the QWs. Because the band offsets and polarizationrelated electric fields in the violet QW are around half the magnitude of those in the aquamarine QW, the influence of the violet QW on carrier transport is expected to be minor. Therefore, the emission in the violet region is an indicator of electron injection efficiency for the aquamarine-violet LEDs and an indicator of the hole injection efficiency for the violet-aquamarine LEDs. For the aquamarine-violet LEDs, the EL spectrum under DC 20 mA injection is shown in Figure 3 (a). Because of the large conduction band offset of the aquamarine QW, most of the electrons are confined in the aquamarine QW, resulting in a dominant emission in aquamarine region. The presence of the violet peak indicated that a certain portion of electrons were still injected into the QW at p-side. The EL spectra for the (20 21 ) and (2021) LEDs were similar, which suggests the influence of polarity on electron transport is less significant. On the contrary, as shown in Figure 3(b) , the EL spectra were quite different for the (20 21 ) and (2021) violet-aquamarine LEDs. The diminished violet peak in the (20 21) LEDs indicates that most of the holes populate the QW near the p-side. Conversely, for the (2021) LEDs, the comparable magnitudes of the violet and aquamarine peaks indicate a more effective hole transport across the aquamarine QW.
To confirm the influence of polarity on the hole transport, the number of aquamarine QWs was increased in the violet-aquamarine LEDs (n ¼ 1,2,3), as schematically shown in Figure 4 quality as described in Figure 2 , but holes still reach the violet QW near the n-side. For the (20 21) LEDs, no emission in the violet region is observed for n ¼ 2 and n ¼ 3. These results suggest that the drop in EL intensity and the increase in forward voltage for higher n in the (20 21) LEDs in Figure 1 are caused by poor hole injection and an uneven hole distribution, which is consistent with previous studies on (20 21) LEDs. 23 Band diagram simulations were also conducted to investigate the origin of the different hole injection efficiencies for the (20 21 ) and (2021) LEDs. Conventional driftdiffusion models have been effectively utilized to describe the carrier transport in c-plane violet and blue LEDs, 22, 24, 25 but the large magnitude of the polarization-related electric fields in c-plane green LEDs may preclude the use of these models. However, since the magnitudes of the polarizationrelated electric fields in semipolar (20 21) and (2021) green LEDs are similar to those in violet c-plane LEDs, 13 conventional drift-diffusion models can be utilized to examine the carrier transport for these semipolar green LEDs. A selfconsistent 1D Poisson, drift-diffusion and Schrödinger numerical solver 26 was applied to calculate the band structure, carrier density, eigen-values, and wavefunctions. The calculated band diagrams for double-quantum-well (DQW) (20 21) and (2021) LEDs under the same applied bias (V f ¼ 3.1 V) are shown in Figures 5(a) and 5(b) , respectively. The epilayer structures and doping profiles of the LEDs in Figure 1 were utilized for all simulations. As seen in Figure  5 , the barrier height for hole injection from the EBL to the topmost QW is lower for the (20 21) LED because the polarization-related field in the topmost barrier is antiparallel to the built-in electric field in the p-n junction, which is similar to the case of N-polar c-plane. As a result, the singlequantum-well (SQW) (20 21 ) LED has a lower forward voltage than the SQW (2021) LED, as shown in Figure 1(b) , and is consistent with the observed low turn-on voltages in Npolar SQW green LEDs. 27 However, for the (20 21) LEDs, the holes are decelerated by the reversed polarization-related electric field in the QW. Therefore, the injected holes are more likely to be captured in the QW or scattered at the hetero-interface in (20 21) LEDs. The energy differences between the hole ground-state and the quantum barrier are also illustrated in Figure 5 (c). The barrier height for captured holes to escape the QW is significantly higher in (20 21) LEDs, and is attributed to the polarization-related electric fields in the QW. As a result, the calculated current density is lower for the (20 21) DQW LEDs. Theoretically, the polarization-related electric fields in the QW should also lead to a similar energy barrier for captured electrons to escape the QW in (20 21) LEDs. However, secondary ion mass spectroscopy measurements indicate that the interfaces between the QW and barriers are not particularly abrupt in the (20 21) LEDs (Figure 6 ). The diffusive interface lowers the effective energy barrier for electron transport in (20 21) LEDs, compensating the barrier generated by polarizationrelated electric fields in the QWs. Additionally, electrons also have a higher probability of experiencing ballistic injection without being captured by the QW because of their smaller effective mass and larger conduction band offset. Therefore, the influence of polarity on electron transport is expected to be less significant for these semipolar LEDs. (20 21) LEDs is explained by the reduced energy barriers that result from the diffusive QW/barrier interfaces described above. For example, implementing a 5 nm graded InGaN barrier above the QWs with 5% In at the QW/barrier interfaces lowers the calculated forward voltage to 4.7 V in the n ¼ 3 case, which is in good agreement with the experimental data of Figure 1(b) .
In conclusion, we have investigated the influence of polarity on carrier transport in SQW and MQW LEDs grown on semipolar (20 21) and (2021) planes. With inverse polarization to Ga-polar LEDs, (20 21) SQW LEDs showed lower forward voltages because of the reduced energy barrier height to the QW. However, the forward voltages increase rapidly for (20 21) MQW LEDs. Due to the absence of additional energy barriers from polarization-related electric fields in the QW, the hole transport in semipolar (2021) MQW LEDs is improved compared to that in semipolar (20 21) MQW LEDs.
